We present depth-resolved grazing incidence x-ray diffraction, grazing incidence small angle scattering and x-ray reflectivity studies on the structure of mixed C 60 and diindinoperylene (DIP) films as a function of the mixing ratio. We observe enhanced out-of-plane order and smoothing of the mixed films compared to pure films upon coevaporation of DIP:C 60 thin films (in different mixing ratio) which otherwise phase separate. The mixing ratio of molecules can be tuned to alter the in-plane crystallite size as well as the interisland distances of the mixing molecules. Real-time in situ grazing incidence x-ray diffraction measurements show the kinetics and thickness dependence of phase separation, which appears to proceed only after a certain thickness. The crystallite grain size of the individual phase separated components is significantly larger at the top of the film than at the bottom with implications for the understanding of devices. Organic molecular semiconductors (OSCs) have attracted substantial research interest in recent years, in an effort to complement inorganic semiconductors, due to their attractive optical and structural properties. Several device applications, such as diodes, field-effect transistors up to all-organic integrated circuits, photodiodes, organic photovoltaics (OPV), and organic light emitting diodes have been demonstrated by OSCs based on polymers or small molecules such as C 60 , acenes, perylene-derivatives, and phthalocyanines [1][2][3][4][5] [6] [7] . Since the structure and morphology have a strong influence on the performance, their control is mandatory, but the mechanisms of structure formation of OSCs and their mixtures (and indeed molecular materials in general) are not completely understood on a fundamental level [8] [9] [10] [11] [12] .
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One principal strategy in OPV employs the mixing of donor (D) and acceptor (A) molecules (bulk heterojunction) [13] [14] [15] . The resulting efficiency crucially depends on the interplay of the diffusion lengths of the excitons generated by the absorption of light and the structural length scales of the D:A mixture, such as the typical width of the D and A domains [15] . Controlling these structural length scales in D:A mixtures, which are potentially phase separating, is thus a key point in this field. In addition to the relevance for applications, this is also a challenge for the fundamental understanding of the structural evolution of mixtures. Some comparisons can be made to the rich area of binary alloys (i.e., mixtures of elementary systems) [16] and to organic bulk crystals [17] . In the latter field, due to the different ratio of the range of interactions to the size of the objects (molecules) as well as their inherent anisotropy in shape, additional parameters have to be considered, which can lead to an even broader range of scenarios [8, 18] . An important further challenge also comes from the fact that applications of OSCs are typically based on thin films, so that issues related to their interfaces and kinetically controlled growth enter the scenario.
The main focus of the present study is the real-time and in situ observation of growth as well as post-growth structural characterization of two prototypical OSCs, diindinoperylene (DIP) and C 60 [inset of Fig. 1(a) ], coevaporated in different mixing ratios. DIP and C 60 are relevant for OPV as a model D:A pair [19] . Grazing incidence diffraction (GID) was performed as a function of time during growth and also as a function of probing depth post growth, to observe the evolution of the in-plane Bragg peaks. X-ray reflectivity (XRR) and grazing incidence small angle x-ray scattering (GISAXS) measurements were performed for post-growth analysis of the out-of-plane structure and inplane domain size of the mixed films, respectively.
In this Letter, we show that for coevaporated DIP:C 60 with phase-separating tendency as used in OPV, the domain size is thickness (or growth time) dependent and thus kinetically limited. The coherent crystallite grain size as well as the interdomain distances of the mixing molecules, for a given thickness, can be tailored by tuning the mixing ratio of molecules. At the same time, we observe enhanced out-of-plane order and smoothing of the mixed films compared to pure films upon coevaporation of these mixed films in different mixing ratios. Our results provide fundamentally new insight into the basic understanding of the phase separation kinetics of these systems by demonstrating the intercorrelation between the lateral and the vertical length scales (or time) with substantial implications for the theoretical understanding of OPV.
Sublimation grade DIP and C 60 were obtained from Institut für PAH Forschung Greifenberg, Germany, with 99.9% purity, and Creaphys with 99.9% purity, respectively. Films containing DIP and C 60 with varying mixing ratio were coevaporated on Si wafers covered with a native
oxide layer ($ 9 A) at a base pressure <5 Â 10 À9 mbar. The growth rate monitored by XRR and a quartz crystal microbalance was $0:4 nm= min . Apart from the pure films of DIP and C 60 , five different molar mixing ratios of DIP:C 60 (3:1, 2:1, 1:1, 1:2, 1:3) were investigated. The error in the stoichiometry of the mixtures is 10% determined by the error in the readout of the quartz-crystal microbalance. All films for in situ measurements were deposited up to a thickness of $20 nm at a substrate temperature of 25 C. Scattering measurements (viz. XRR, time and depth-resolved GID and GISAXS) were performed at the X04SA beam line of the Swiss Light Source at a wavelength of 0.99987 Å , in a custom-built portable organic molecular beam deposition chamber [20] , using a Pilatus II detector.
XRR is used for the extraction of the electron density profile along the direction perpendicular to the sample surface and provides structural parameters like thickness and surface and interface roughness of thin films. The XRR profiles show distinct thickness oscillations for all the films and out-of-plane Bragg peaks for some of them [ Fig. 1(a) ]. It is evident from the XRR measurements that when DIP dominates the mixture, extremely smooth films are produced. The higher the ratio of DIP in the blend, the smoother is the film [see Fig. 1(a) ]. For mixed thin films of DIP and C 60 , the first Bragg peak was observed distinctly for DIP:C 60 3:1 ratio (henceforth called only 3:1) and 2:1. However, for 1:1, the Bragg peak is severely distorted and for further increase in the C 60 molar concentration, i.e., for 1:2 and 1:3, the Bragg peak completely disappears. The C 60 Bragg peak along the specular direction for pure as well as mixed films is not properly recognizable, because the C 60 forms essentially untextured polycrystalline thin films with low structural order on bare Si substrates (in contrast to layered D=A heterostructures, showing a distinct C 60 ð111Þ Bragg peak at $0:75 A À1 , if DIP serves as a template for C 60 [21] ). The XRR data were fitted using the Parratt formalism [22, 23] up to a value of the out-of-plane component of the momentum transfer vector (q z ) equal to 0:2 A À1 to estimate the average electron density and the top layer roughness of the films. A single box model was used in order to limit the number of fitting parameters. The average electron density ( in el= A 3 ) and the top surface roughness extracted from the XRR fits are plotted in Figs. 1(b) and 1(c). We observe that increases linearly from the value of DIP to the value of C 60 which consolidates the fact that there is no preference for either species to dominate the growth. In view of the strong tendency to phase separate (see below), it is quite remarkable that DIP:C 60 shows a smoothing effect upon mixing. Indeed, overall the roughness evolution appears to be nontrivial from a fundamental perspective, but its tunability via the mixing ratio may be exploited in applications demanding smooth interfaces.
GID probes reciprocal space at high in-plane scattering angles and provides information on the crystallinity of the samples. The post-growth GID measurements (Fig. 2) show the known in-plane Bragg reflections for C 60 (rather 2013 185506-2 broad, as expected) and DIP [8, 24] . The data show clear signs of phase separation since we can identify known peaks of pure DIP and C 60 crystallites and no new or unidentified peaks even for mixed films with different ratios of mixing. Relative Bragg peak intensities from DIP and C 60 correspond to the respective mixing ratios showing the expected predominance of the abundant species. The peak width for DIP is also seen to increase, signifying smaller grain sizes for smaller DIP content. For the mixing ratios 1:2 and 1:3, the DIP and C 60 peaks cannot be discriminated and result in a broad hump around the in-plane component of the momentum transfer vector q xy ¼ 1:3 A À1 where the peaks are expected. From the perspective of applications in OPV, another important consideration relates to the crystallite grain sizes which are either small (hence large number of grains) or big (hence fewer) for a fixed molar mixing ratio. For a given thickness, this is expected to be tunable by substrate temperature and rate of deposition. In the active region of a bulk heterojunction composed of a phase-separating D:A pair, smaller domains increase the surface area of exposure and hence the possibility for the excitons to reach the interface (where they eventually separate), but on the other hand decrease the charge mobility and hence the charge extraction. Optimizing the efficiency would thus be a tradeoff between the domain size (exciton exchange area) and the availability of percolation paths for charge transport. GISAXS is sensitive to the morphology and preferential alignment of nanoscale objects at the surface. Additionally, it renders valuable information like the lateral correlations and sizes and shapes of nanostructures [23, 25] . We observe distinct side peaks in the GISAXS measurements at different q xy , depending on whether the thin film has a majority of DIP or C 60 molecules [ Figs. 3(a) and 3(b) ]. The line profiles obtained from post-growth GISAXS measurements are shown in Fig. 3(a) and clearly exhibit differences in the in-plane characteristic length scales for the various mixed films. For mixtures with more DIP the peak maximum is closely spaced around the specular, i.e., large inplane length scales in real space, but for mixtures with more C 60 , the peaks are observed at larger q xy suggesting smaller in-plane length scales. For the 1:1 mixture two distinct length scales are seen which correspond to the DIP and C 60 phases. It is also observed that the characteristic length (or island distance) of one of the mixing molecules (say C 60 ) depends on the ratio of the other (DIP) [see Fig. 3(c) ]. This can be exploited to prepare bulk heterojunctions with desired grain size as well as interdomain distance.
Having established the tendency for phase separation and the approximate in-plane correlations (island distances of the two respective components), a key question in film growth physics and for device architectures is whether this process is homogeneous or thickness dependent. To address this issue, we focus on the 1:1 mixing ratio which has been used in devices [19] . Real-time GID was performed to investigate the kinetics of phase separation during the growth process. The incident angle ( i ) for GID measurements was 0. 13 corresponding to a penetration depth of the entire film thickness. The real-time GID measurements (see Fig. 4) show that the GID peaks start to appear (i.e., crystallites of DIP and C 60 start forming) only after a certain thickness and become more intense as the growth progresses. We speculate that there is a delayed onset of crystallization and phase separation until a certain thickness is reached. This is obviously kinetically determined for a nonequilibrium growth process. Also, it is intuitively plausible that the crystallization process is delayed for a statistical mixture with two different molecules than for the one with just the pristine molecule. Below this thickness, the molecules are probably still in a mixed, albeit noncrystalline phase, but as soon as this thickness is reached, they start to phase separate and further growth of the mixed film only increases the lateral grain size of the phase-separated molecular domains. A schematic of the proposed model of growth is shown in Fig. 4 . To corroborate our model further and to demonstrate that the thickness-dependent lateral crystallite sizes are not a transient effect but rather prevail, we performed postgrowth ex situ depth-resolved GID additionally on two films in ambient conditions to ensure that there is no significant post-growth structural reorganization in the mixed films. GISAXS probes the top surface structures and even by varying i the buried structures cannot be easily probed due to the weak scattering contrast between DIP and C 60 . Depth-resolved GID, on the other hand, probes the variation of the ''coherent'' lateral crystallite size at different depths of the film. For the 20 nm and 40 nm 1:1 mixed films, we performed depth-resolved GID by changing i and hence the penetration depth of the impinging x rays. Figure 5 shows that the peaks are better resolved at a very low penetration depth (50 Å corresponding to i ¼ 0:05 ), clearly indicating that the grain size at the top surface of the film is larger than near the bottom (filmsubstrate) interface for both films. The size of the crystallites estimated by the Scherrer formula is shown in Fig. 5 for DIP and C 60 as a function of penetration depth. We already penetrate the entire film at i ¼ 0:12 so the estimated crystallite size does not change on further increments of i to 0.14 . For the thicker film (40 nm) we observe that the peaks are even better resolved and sharper than in the 20 nm film for the different depths of penetration. We observe larger lateral grain size for both constituents with increasing film thickness from 20 nm to 40 nm (see Fig. 5 ). The growth model (Fig. 4) is thus also valid for the 40 nm film but with larger crystallite grains than in the 20 nm film.
In conclusion, using surface-sensitive scattering techniques we have consistently shown that the coevaporation of two prototypical small-molecule OSCs with a tendency for phase separation leads to a thickness and growth-time dependent domain size. We speculate that this is a rather general phenomenon in kinetically limited growth of phase separating systems, most likely not limited to OSCs. This means that the relationship between the structural length scales and those relevant for the functioning of a device, namely exciton diffusion and carrier transport, can be vastly different for the region near the top vs that near the bottom electrode and particular attention has to be paid to top-to-bottom asymmetry in mixed layers, as observed in our study. Qualitative agreement between real-time GID and post-growth depth-resolved GID is established, which is consistent with the growth model proposed. The characteristic length scales probed by GISAXS demonstrate clear dependence of island distances on the mixing ratio of molecules. The results have substantial implications for the fundamental understanding of the phase separation kinetics of these systems as well as the modeling of device architectures of D:A blends.
We acknowledge P. Willmott and S. Leake for experimental assistance at the SLS. We acknowledge financial support by the DFG, the Carl-Zeiss-Stiftung, and the EU. 
